The mean maximum urban heat island (UHI) intensity in three major cities in Thailand was investigated by using data measured at two meteorological observatories (an urban site and rural site) in each study area for the period 2004 to 2008. Thermal contrasts between the urban and rural sites were positive which indicated that most of the time the air temperatures at the urban sites were higher than the air temperatures at the rural sites. The strongest mean maximum UHI intensity occurred in the nighttime and in the early morning, while the weakest mean maximum UHI intensity was reached during the daytime. The results indicated that UHI events occurred more frequently in the nighttime than in the daytime. Seasonal analyses showed the mean maximum UHI intensity was weakest in the rainy season (May-October) and was strongest in the dry season (November-April).
Introduction
The urban heat island (UHI) phenomenon is considered to be one of the major problems for human population in the 21 th century as a result of urbanization and industrialization (Zhou et al., 2004; Rizwan et al., 2008; Zhang et al., 2009 ). This phenomena is referred to surface air temperature in an urban area is higher than in the surrounding rural area (Magee et al., 1999; Baik, 2002, 2005) . The large amount of heat generated from urban structure, as they absorb and reradiate solar radiation, and from anthropogenic heat sources are the main causes of UHI (Rizwan et al., 2008; Zhang et al., 2009) . Urban areas in Thailand have been developed as the dominant centers for economic activities, industrialization, social services, telecommunications, and public welfare infrastructure. Change in populations and change in land use caused urban areas in Thailand are facing a high risk of UHI effect. Many previous studies have shown that the intrinsic nature of the city and external factors influenced the UHI effect, including size of the city, building intensity, land use, topography, meteorological conditions, and time of day (Oke, 1982; Magee et al., 1999; Kim and Baik, 2005; Zhang et al., 2009) . The UHI has been investigated in many cities to establish the UHI intensity. This is defined as the average spatial temperature difference between an urban area and the surrounding rural area (Magee et al., 1999; Kim and Baik, 2005; Zhang et al., 2009) . The UHI intensity which determined by comparing the mean and maximum temperature between an urban and a rural area are referred to as the mean and maximum UHI intensity respectively (Rizwan et al., 2008) . The comparison time period used to be a month, a season, or a year, or in some cases using few selected days (Velazquez-Lozada et al., 2006) . The mean maximum intensity stands for the highest daily warming of an urban area under most favorable weather conditions, such as few or no clouds and low wind (Wienert and Kuttler, 2005) . In previous studies, the UHI effect has mainly been analyzed using two methods. The most popular method has been satellite remote sensing. This method can provide a qualitative measure of the distribution of UHI at a given moment, but it cannot do the same for the UHI intensity (Liu et al., 2006) . The second method used meteorological data to analyze the UHI effect by comparing the thermal data series of an urban area with those corresponding to a nearby rural area (Alonso et al., 2003; Arnfield, 2003) . Most previous studied focused on UHI effect in a single megalopolis, for example, Seoul Baik, 2002, 2005) , Beijing (Liu et al., 2006) , New York (Gaffin et al., 2008) , Shanghai (Zhang et al., 2009 ). However there have been few studies of UHI in Thailand. This present study investigated the mean maximum UHI intensity in three major cities in Thailand by using the maximum temperature from the period 2004 to 2008 recorded at selected urban and rural weather stations. It focused on: (1) diurnal variations in UHI intensity (2) seasonal variations in UHI intensity.
Study sites description and Data processing

study sites
Bangkok, Chiang Mai and Songkhla were selected to be the study sites. They are the major cities in Thailand which have been developed as the cultural, intellectual center of the country, as well as major commercial metropolis. The criteria for the selection of the local weather stations in the study sites were each urban station had to lie in an area that was representative of the typical characteristics of the city, while each rural station had to lie outside the area of urban influence (Alonso et al., 2003) . The first site was Bangkok, which is both the capital of Thailand, and the largest urban area in the country. Bangkok is about 2 m. above sea level, and has a tropical wet and dry climate with three seasons, namely summer, the rainy season and winter. The urban weather station used in the study was Chaloemprakiet Meteorological Station which was located in the Khlong Toei district. The rural weather station was Bang Na Meteorological Station, which was located approximately 30 km. from downtown Bangkok in the Bang Na district. The second site was Chiang Mai, which is the largest city in northern of Thailand. It is located 700 km. to the north of Bangkok among high mountains, and is about 310 m. above sea level. Like Bangkok, Chiang Mai has a tropical climate with three seasons, namely summer, the rainy season, and winter. The urban weather station selected for this study was Chiang Mai Meteorological Station which was located in the Mueang district. The rural weather station was Mae Jo Meteorological Station which was located approximately 25 km from Chiang Mai in the Sansai district. The third site was Songkhla which is one of the southern cities of Thailand. It is about 10 m. above sea level, and has two seasons, the rainy season and summer. The urban weather station was Had Yai Meteorological Station which was located in the Had Yai district. The rural weather station was Sadao Meteorological Station which was located approximately 60 km from Had Yai in the Sadao district. The locations and descriptions of the stations are shown in Table 1 .
Data processing
2.2.1 The data of maximum air temperature in study sites from the period 2004 to 2008 was obtained from automatic weather stations operated by the Thai Meteorological Department (TMD).
2.2.2
The data of maximum air temperature from local automatic weather stations was analyzed for studying the UHI intensity which was defined as the temperature difference between an urban area and its surrounding rural area. The UHI intensity was calculated by the equation below; where, ∆T represented the UHI intensity, T u was the air temperature in an urban area, and T r was the air temperature in a rural area.
∆T u-r = T u -T r 2.2.3 In order to calculate hourly values; the UHI intensity was averaged for each individual hour of the diurnal cycle of the study years to calculate mean hourly values.
2.2.4
In order to calculate monthly values; the UHI intensity was averaged for each individual month of the study years to calculate mean monthly values.
Results and Discussions
Diurnal variations in UHI intensity
The diurnal variations in UHI intensity were shown in Figure 1 .The mean maximum UHI intensity at all sites were positive which indicated that the air temperatures at urban sites were higher than at rural sites most of the time. The greatest mean maximum UHI intensity occurred at 04:00 LST in Bangkok (2.24 ํ C), at 07:00 LST in Chiang Mai (2.73 ํ C), and at 22:00 LST in Songkhla (2.42 ํ C). The weakest mean maximum UHI intensity occurred at 10:00 LST in Bangkok (0.54 ํ C), at 13:00 LST in Chiang Mai (0.77 ํ C) and Songkhla (0.53 ํ C). The results indicated that the largest mean maximum UHI intensity occurred during the nighttime and the early morning, while the weakest mean maximum UHI intensity occurred during the daytime. The results of this study were similar to previous studies on other cities such as Seoul (Kim and Baik, 2005) , Singapore (Winston and Matthias, 2006) , Beijing (Liu et al., 2006) . The criteria for UHI event was thermal contrasts between an urban and a rural area more than 1 ํ C which was maintained over several hours (Jauregui, 1997; Kim and Baik, 2002) . The results from this study indicated that UHI events occurred more frequently at nighttime than in the daytime (Table 2. ). These results can be explained by differences in cooling rates between urban and rural areas at night (Kim and Baik, 2002; Zhang et al., 2009 ). The cooling rates are influenced by surface geometry and surface thermal properties (Oke et al., 1991) . During the day, urban surfaces trap more incoming solar radiation than surfaces in rural areas. Then they re-radiate it less at night than surfaces in rural areas. The ability of heat release by long-wave radiation in urban areas is low due to decreased sky view which results in heat storage in building structures (Rizwan et al., 2008) . While the open spaces of the rural areas enhances radiative cooling because the areas cannot confine air which has been heated during the day (Liu et al., 2006) . In addition, the urban areas release heat at night from human activities, light, traffic, etc. which play a significant role in increase the UHI events at nighttime.
Seasonal variations in UHI intensity
Air temperature differences between urban and rural stations also showed seasonal variations. Figure 2 shows the mean monthly maximum UHI intensity in the study areas. The monthly mean maximum UHI intensity in Bangkok was the greatest in February (1.06 ํ C), while the weakest mean maximum UHI intensity was found in July (0.18 ํ C). The monthly mean maximum UHI intensity in Chiang Mai and Songkhla were the greatest in April (2.73 ํ C and 2.70 ํ C), while the weakest mean maximum UHI intensity in Chiang Mai was found in August (0.9 ํ C) and in Songkhla was found in July (0.24 ํ C). These results indicated that the largest mean maximum UHI intensity at study sites which have three seasons occurred in the dry season (November-April), and declined to a minimum during the rainy season (May-October). The largest mean maximum UHI intensity in Songkhla which has two seasons was found in summer (February-June), while the weakest mean maximum UHI intensity occurred in the rainy season (July-January). The key factor for the seasonal variations in UHI intensity is probably the differences in weather conditions (Montavez et al., 2000; Unger et al., 2001; kim and Baik, 2002; Zhang et al., 2009) . Many previous studies have indicated that the UHI intensity was related to local meteorological conditions. Kim and Baik (2002) reported that a decrease in maximum UHI intensity could be visible with wind speed greater than 0.8 m/s while with the critical wind speed of 7.0 m/s maximum UHI intensity of 0.3 ํ C or less could vanish. Liu et al. (2006) reported that in summer, when relative humidity was high, the UHI intensity was low. Chow and Roth (2006) reported that the seasonal variability in the UHI intensity related to the variability of moisture content, which was largely influenced by the seasonal variation of precipitation. Zhang et al. (2009) reported that the wind speed and cloudiness had the smallest values in autumn, so at that time the UHI intensity was the strongest and the highest wind speed and cloudiness caused the UHI intensity was the weakest in summer.
Conclusion
This study investigated the mean maximum urban heat island (UHI) intensity in three major cities in Thailand. The methodology was using data at two meteorological stations (an urban station and a rural station) in each study site from the period 2004 -2008 to calculate the UHI intensity. The mean maximum UHI intensity was found to be the strongest in the nighttime and the early morning, while the mean maximum UHI intensity was found to be the weakest in the daytime. The UHI events more frequently occurred in the nighttime than in the daytime. The results showed seasonal variations in UHI intensity. The mean maximum intensity was the weakest in the rainy season and was the strongest in dry season. The present study has shown temporal variations of UHI intensity. However, the local weather conditions and the local characteristics of urban areas (e.g. building density, kind of building material) seem to be the dominating factors in the formation of UHI. Future research should to investigate the relationship between the UHI intensity and the local weather conditions. 
